The EMBR (MBR, attached with electric field) is effective in suppressing membrane fouling. In this paper, modified polyester cathode membranes were prepared by coating graphene (Gr)/polypyrrole (PPy) or graphene oxide (GO)/PPy, which had higher conductivity and better antifouling property in EMBR than the membrane modified with PPy only. The membrane modification using a vapor phase polymerization method (VPM) was proved better than using a liquid phase polymerization method (LPM). The modified membranes were tested and compared for antifouling performances in EMBR, by short time filtration of a yeast suspension, under 1 V/cm electric field. The VPM Gr/PPy modified membrane suppressed membrane fouling and increased the flux as high as 20%. The VPM Gr/PPy coating was more uniform and firm, and had higher conductivity (resistance lowered by 67%) than PPy modified membrane. It had better antifouling performance, smaller slopes in its t/V-V curves (adopting the classical cake filtration model, a suitable description for the membrane fouling process). By applying 1 V/cm electric field, an increase of 20% in the short-term cumulative permeate volume was obtained for the Gr/PPy modified membrane and it was only 10% for PPy modified membrane.
Introduction
Membrane bioreactors (MBRs) have a lot of advantages over other conventional methods for wastewater treatment [1] . It has become more and more popular for its advantages in higher quality effluent, smaller space occupation, higher degree of automation and lower sludge production. However, the decline of flux caused by membrane fouling is a big problem in wastewater treatment since it affects the performance significantly [2, 3] . To efficiently improve the membrane anti-fouling performance and control membrane fouling in MBR, it has been proved effective by applying an electric field in MBR (the so-called EMBR) [4, 5] , in which negatively charged sludge and extra-cellular polymeric substances (EPS) are forced to move away from the membrane surface under applied voltage ( Fig. 1) . Also, the conductive layer on the membrane surface, especially around the pore entrance, may greatly suppress fouling in EMBR.
The influence of the electric field and the conductivity of the cathode membrane on membrane flux are considered critical for membrane fouling suppression performance in EMBR. In general, membrane flux increases when the electric field strength increases within certain range, then beyond certain points, it is no longer economic, after reaching certain value (the critical potential) the flux remained almost constant [6] . Conducting at or above the critical potential can avoid the formation of filtration cake layer, but the high voltage requires highly stable electrodes and implies high energy consumption/cost. To reduce energy consumption, an intermittent electric field, applied only when the permeate flux has drastically declined, can also effectively suppress the membrane fouling [7] . Also, applying low voltage to the built-in cathode in the flat panel membrane module and better arranged anodes in configured MBR, can effectively utilize electrophoresis force in inhibiting bio-fouling of membrane [8] . Moreover, using the conductive membrane as cathode combines the membrane and electrode as one, so higher efficiency in material usage and better anti-fouling performance can be achieved. To make the conductive cathode membrane, depositing conductive polymers on the surface of membrane directly is effective and low cost, than arranging metal cathode in membrane modules. Polypyrrole (PPy) is a polymer with high conductivity, stable in MBR and safe for humans, and it has been widely used in electro-chemistry [9, 10] . In our lab, conductive membrane made of PPy based on filter cloth have been successfully prepared [11] and showed really good property. However, the polymer conductivity on polyester cloth is not as good as conventional metal cathode (iron, aluminum, copper). And higher resistance means high energy consumption to produce the same effect in fouling reduction. Preparing high conductivity membrane from large pored, low price polyester filter cloth is critical for our research.
Graphene and its oxides are cheap carbon materials with unique electronic properties [12] . Their composites with PPy have better conductivity than the pure PPy, widely used as supercapacitor, electrodes for microbial fuel cell, electrochemical oxygen reduction and pollutant removal [13] [14] [15] . In this paper, we prepared highly electronic-conductive membrane by modifying polyester filter cloth with Gr/PPy or GO/PPy via the VPM and/or LPM. The better conductive membrane was tested as cathode membrane for anti-fouling performance in filtrating yeast suspension with 1 V in EMBR. Also for comparing membrane fouling performance, fouling models suitable for describing the flux decrease in our experimental system were studied and compared.
Experiment

Preparation and reduction of graphene oxide
The graphene oxide (GO) was prepared using the Hummer's method [16, 17] . First, graphite (2.0 g) was mixed with 96 mL
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Electrostatic rejection force H 2 SO 4 (98%) and NaNO 3 (2 g) by stirring for 30 min in a beaker in an ice bath. Potassium permanganate (KMnO 4 , 12.0 g) was added very slowly in the suspension with vigorous stirring for 3.5 h while maintaining reaction temperature below 20 1C. Then the ice bath was removed, the reaction mixture was stirred at 35 1C for another 2 h. Next, 184 mL water was added to the pasty solution with constant agitation, and temperature was raised to 98 1C. There upon, the color of the solution changed to yellowish brown. After 2 h of vigorous stirring, 20 mL of 30% H 2 O 2 was added to remove the excess KMnO 4 . The mixture was washed several times with 5% HCl and deionized (DI) water until the solution was free of sulfate and acid. Then ultrasonic treatment of the mixture was carried out until no more solid could be centrifuged. The concentration of GO solution was obtained by setting the volume of solution and weighing the formed GO, thus the stock GO solution was prepared, it is then diluted to different concentrations and used for immersing the membrane.
Graphene was obtained from reducing its oxide by using hydrazine mono-hydrate, a strong reducing agent. The standard GO solution was diluted to form different concentration solution with DI water and the pH value was adjusted to 10 [18] . Then, hydrazine mono-hydrate (ratio of hydrazine: GO was 7:10 by weight) was added to the mixture and ultrasonically treated for 8 h. After the completion of the reaction, the reduced graphene oxide (Gr) was collected by filtration and dried. The black powder product thus obtained was washed with DI water several times to remove excess hydrazine, and the final product was dried in a vacuum oven at 60 1C for 24 h.
Vapor phase polymerization method and membrane modification
The VPM membrane modifying process was shown in Fig. 2 (A) [11] . First, blank filter cloth (39.4672.50 mm for the average and 66.51710.76 mm for the maximal pore size, 8 Â 11 cm 2 ) was immersed and ultrasonically treated for 10 min in GO(0.09 mg/mL) or Gr(0.02 mg/mL) solution. The filter cloth was taken out to dry in the air for 30 min, sufficient APS (ammonium persulfate) solution (50 mL, 20 mg/mL) was sprayed onto it. 0.5 mL pyrrole was first added to the bottom of a 1000 mL beaker, and the unmodified membrane was hanged in it above the pyrrole liquid without any contact with the liquid. The beaker was sealed with plastic film and it is filled with pyrrole (Py) vapor when its bottom was heated by 90 1C water bath. About 15 min, pyrrole molecules were completely adsorbed from the vapor phase onto the membrane and polymerized with GO (Gr) in situ to PPy with APS as initiator. The white filter cloth turned dark and was successfully modified by PPy and Gr/GO. Finally the membrane was rinsed with tap water.
Liquid phase polymerization method and membrane modification
The LPM membrane modifying process is shown in Fig. 2(B) . First, blank filter cloth (8 Â 11 cm 2 ) was immersed in APS solution (20 mg/mL, 50 mL) for 10 min and drip-dried in the air for 30 min. Dissolve 1 mL pyrrole in ethanol and water solution, then ultrasonically mix it with certain concentration graphene (or its oxide) solutions to get the GO/PPy and Gr/PPy composites. Then dip the filter cloth into the composites solution. Very soon a large quantity of composite GO/PPy (Gr/PPy) was formed by polymerization on the surface of blank filter cloth and made the membrane really dark. After 5 min, the membrane was taken out, hanged in air and rinsed with water.
Membrane characterization
FT-IR spectrometer (IR Prestige-21, Shimadzu, Japan) was used to investigate the functional groups of graphite, graphene oxide (GO) and reduced graphene oxide (RGO). Membrane samples were viewed by digital camera (canon ixus 105) and the surface microcosmic morphologies of the prepared membranes were visualized by scanning electron microcosmic (SEM, JEOL JSM-5600LV). Pore size distributions were measured with the Bubble Point Method according to the China national standard, GB/T 24219-2009 (determination of aperture of woven filtering fabric). The electric resistance of the membrane was measured by digital multimeter (Victor VC 830L) and averaged from values at six different locations. The quantities polymerized on the base membrane were measured using four 8n11 cm 2 samples by calculating the weight increase of the membrane after modification. The stability of VPM and LPM was studied by observing their flux changes in different filtration cycles.
Filtration and the anti-fouling properties of the membrane
The experimental set-up was schematically shown in Fig. 3 . The flat sheet membrane module has an effective permeate area of 80 cm 2 . The separation unit has a volume of 4 L and the aeration rate was kept at 0.2 m 3 /h.
According to the experiment above, the modified membrane with better conductivity was obtained for both VPM and LPM. They were chosen for anti-fouling property test in yeast solution (Zeta potential¼ À12.9 mV, size ¼7 mm), which was to simulate the condition in MBR. The results were compared with unmodified and only PPy modified membrane, with and without electric field. Membrane module was set and fixed in MBR container (MLSS¼ 5 g/L). When electric field was applied, the voltage was supplied from a steady DC power source. The anodes were made of two pieces of stainless steel meshes which were set 1 cm from the cathode at either side of the membrane module. The vertical distance between the liquid level and the bottom of effluent tube was fixed to 102 cm in every test, ensuring a corresponding transmembrane pressure at 10.00 kPa, so the gravity flow always has the same water head drop. The test was conducted in three cycles and each lasted for 1.5 h, between the intervals of cycles, the membrane was washed with tap water. Each three-cycle filtration test was repeated for three times. Each test uses one new piece of membrane of the same batch/kind.
Results and discussion
The doping ratio of GO (Gr) and PPy had an effect on the property of membrane. To a certain degree, higher conductivity would be obtained if more Gr (larger than the ratio mentioned above in this paper) could strongly and uniformly fixed with PPy on the base membrane, just as other papers reported [19, 20] . However, in our experiment, too much GO or Gr was against uniform fixation of PPy on the base membrane, the PPy could not coat the graphene (or its oxide) totally and the polymerized composites were on the surface of the membrane instead of among the woven fibers, which is a big disadvantage for the conductivity improvements. So the low concentration (GO¼0.09 mg/mL, Gr¼0.02 mg/mL) was chosen to treat the base membrane and better comprehensive property was obtained.
FT-IR of the composite membrane
The Fourier-transform infrared (FTIR) spectroscopic study analyzed the functional groups on GO, compared with natural graphite and the reduced GO. Upon oxidation of graphite to GO, the observed representative peaks of GO confirm the presence of the oxygen-containing functional moieties in carbon frameworks, which include the bands at 3383 cm À 1 (O-H stretching), 1739 cm À 1 (C¼O stretching vibration of carboxyl), 1636 cm À 1 (water H-O-H bending vibration), 1400 cm À 1 (O-H deformation vibration ) and 1047 cm À 1 (C-O vibration). The curves of graphite and Gr are much smoother than GO, the typical peak is around 1400 cm À 1 , confirming that by Hummer's method, natural graphite is successfully transformed to GO, and reduction of GO did take place by chemical reaction with hydrazine ( Fig. 4(A) ). Fig.4(B) shows the bands of typical pyrrole ring stretching at 1401, 1477 and 1562 cm À 1 , identifying the presence of the conductive polymer PPy. For PPy, the peaks at 1681 cm À 1 and 1562 cm À 1 are assigned to the carbonyl group and the C ¼C/C-C ring stretching of pyrrole. The bands at 1477 cm À 1 and 1286 cm À 1 are corresponding to the stretching vibration in the ring of C-N bond and C-H vibrations. The bands at 1046 cm À 1 are caused by N-H bending vibration. In-plane and out-plane ¼C-H bending vibration is located at 961 cm À 1 and 927 cm À 1 . This agrees well with other reports in literature [21, 22] for PPy. The curves of GO/PPy and Gr/PPy are similar to the PPy, with some differences. PPy, GO and Gr curves all have an obvious peak at 1401 cm À 1 for O-H deformation vibration, then in the composite membrane of GO/PPy and Gr/PPy, this representative peaks intensified (weakened) in strength by GO (Gr) doping. For the same at peak 1047 cm À 1 , where the transmittance peak strength for Gr/PPy weakened than pure PPy, whereas the GO/PPy peak intensified because of the existence of GO whose absorbance peak is strong here. 3.2. Macroscopic view and the morphology of the conductive membrane surface
Macroscopic view of the membrane
Membranes modified by VPM were shown in Fig. S1 . The color was uniform and very dark compared with the white blank membrane. All the modified membrane had firm interfacial bonding between the composite coating and base membrane, and membrane colors were slightly different as different coating components were used.
The color of the membrane prepared by LPM (Fig. S2 ) seemed uniform from macroscopic view. But only when more reagents (about two times Py quantity of VPM) were used, could the filter cloth be totally modified by conductive polymer and the membrane seemed much darker than the VPM membrane, in which less PPy composite was coated.
The morphology of the conductive membrane surface
Micro-scale morphology of the membrane was shown by SEM ( Fig. 5 ) and it further demonstrated that all the VPM was successful in modifying the membranes (images B for PPy, C for GO/PPy, D for Gr/PPy), the modification layer was more uniform than in the LPM modified membranes (image E). For the VPM modified GO/PPy or Gr/PPy membrane, the surface of the coated fibers had less wrinkles or ripples/ridges than in image B (PPy only), was generally more even and uniform, though typical tiny nodes of PPy can be seen. And the tiny sheet structures from PPy coated GO (image C2) or Gr (image D2) can be clearly seen in the SEM images.
The pore size of the modified membrane
In Fig. 6(A) , the relative ratios of pore size of the VPM modified membrane to the average pore size of blank membrane were shown, the average pore size of the modified membrane did not shrink or narrow much than the blank membrane. Although, from the SEM images, we can see the thin layers of composite coating on the fiber, the pore size measured by bubble point method did not show much change because the pore size was much bigger and wider than the thin coating layer.
As pyrrole in liquid phase tends to polymerize on the coarse surface of the base membrane instead of around the fibers, the modified membrane by LPM was not uniform and pore blocking was serious. Membrane prepared in this way had much smaller average pore size than the blank membrane ( Fig. 6(B) ).
Conductivity
The conductivity comparison of the modified membranes prepared by VPM and LPM methods was listed in Table 1 . For the membrane prepared by VPM, the electric resistance for the modified membrane can be as low as 710 O cm À 1 (modified by GO/PPy) and 680 O cm À 1 (modified by Gr/PPy), much lower than 2.03 k O cm À 1 for the only PPy modified filter cloth. And the membrane prepared by LPM had a resistance of 14.81 k O cm À 1 for GO/PPy modified membrane and 2.7 k O cm À 1 (modified by Gr/PPy), compared with 8.15 k O cm À 1 (modified only by PPy).
The low conductivity of LPM membrane may be caused by nonuniform polymerization of Py on the membrane surface. Just as we have observed from the SEM (Fig. 5) , the PPy is lumpish and polymerized on the surface instead of among the fibers, which contributes to the poor conductive performance of LPM membrane. For both VPM and/or LPM, the Gr/PPy modified membrane had the lowest electric resistance. Moreover, the VPM membrane tends to have smaller deviation in the conductivity than LPM membrane when the same dopant was used.
Fouling reduction of VPM and LPM modified membrane
The membrane prepared by LPM did not show any regularity in flux changes in the three cycles yeast filtration test (Fig. 7) . When no electric field was applied, the flux of modified membrane was much smaller than the blank membrane in the first filtration cycle. This is caused by the macroscopic lumpish PPy and Gr/PPy coatings, blocking the space between membrane fibers, resulted in a much smaller pore size. Then in the second and third cycles, as the membrane wash may remove/wipe off some Gr/PPy, the flux for the modified membrane increased to approach the level of blank membrane.
Applying 1 V electric field to the LPM Gr/PPy modified membrane, enabled an increase of flux than without applied voltage, in the first cycle. But in the second and third cycles, it did not show any improvement as the conductive materials may partly fall off during the membrane wash, and resulted in the decrease of conductivity.
During the yeast filtration test without electric field applied, flux of all the modified membrane by VPM did not show obvious difference with blank membrane in the three cycles ( Fig. S3 ) Table 1 The resistance of membrane modified with PPy, GO/PPy and Gr/PPy by different polymerization method. because of the better hydrophilic property of PPy [11] . However, as the modified membrane has smaller pore size than the blank membrane, it shows better turbidity removal property (Fig. S4) , which stands for the membrane rejection property. According to the figure, more than 90% turbidity was removed in the first 10 min for the blank membrane, and that turbidity removal for the modified membrane was $ 100%, which was maintained to the end of the first filtration cycle. Further research was conducted to exhibit the conductive membrane property. The anti-fouling property of PPy and Gr/PPy modified membrane was shown in Fig. 8 , when 1 V electric field is applied, comparing with the PPy modified membrane without electric field. According to the results, modified membrane had an increase in flux and the biggest improvement was obtained for membrane with better conductivity, the Gr/PPy modified membrane. The fouling on VPM modified membrane was reversible, since the flux did not present any obvious change in the three cycles after membrane washing with tap water, indicating a good performance.
Blank membrane PPy-membrane Gr/PPy-membrane
Applying electric field, increased total permeate volume from each cycle and the fluxes of all the modified membranes ( Fig. S5) . Comparing with the PPy modified membrane without applied electric field, the total permeate volume increase by applying electric field was 10% for PPy and the increase for Gr/PPy modified membrane was $ 20% ( Table 2) .
The membrane fouling mechanism
In order to investigate the membrane fouling process, we studied two models according to the previous research [23] , the standard filtration model and classical filtration model. First, the standard filtration model, suits to the situation that the particle size is much smaller than the pore size of the primary membrane and the membrane fouling is caused mainly by the internal pore clogging.
where t is the filtration time (min), V is the cumulative permeate volume for corresponding filtration time (L), Q 0 is the initial flux rate (L/min) and k is the filtration constant (L À 1 ). When the membrane pore size was initially narrowed down by the particles to be filtrated, the deposit particles started to form a cake layer on membrane surface and decreased the flux. Fig. 10 . The three filtration cycles t/V-V curves for PPy membrane with or without electric field, and Gr/PPy VPM membrane with electric field (all starts from the second points in each cycle and when a new cycle start, set t as 0 min).
Then classical cake filtration model represents the decrease in permeate volume
m is the dynamic viscosity (Pa s), r m is the membrane resistance (m À 1 ), and A is the membrane area (m 2 ). TMP is the transmembrane pressure (Pa). c is the concentration of particles (kg/L), R c means the resistance of the cake layer (m/kg), and K is the cake filtration constant. For the models, the smaller the filtration constant (K) and the cake filtration constant (K), the lower filtration resistance and the higher the mass transfer efficiency is. This is what we only considered to study the membrane fouling in our experiment.
According to the models, t/V-V and t/V-t curves were drawn and analyzed. Comparing Fig. 9(A) with (B) , we know the fouling mechanism for our filtration experiment fits the classical model better on the whole, confirmed by the better coincidence with linear relation of t/V-V curves than the t/V-t curves. This means the internal pore clogging quickly occurred, then the follow-up flux decrease was mainly caused by the filtration cake layer and the modified membrane with applied electric field could effectively suppress the depositing of particles on the surface of membrane. Moreover, at the initial filtration period, slopes of t/V-t curves for both conductive membrane with applied voltage did not show significant difference, indicating that the low electric field has little effect on improving the membrane flux at the beginning stage of test. However, for the t/V-V curves, Gr/PPy modified membrane with electric field has the smallest slope, second is the PPy with electric field and then the PPy-membrane without applied electric field, which is in accordance with their resistances, indicating membrane with better conductivity has better anti-fouling property. When the tests were finished after three cycles ( Fig. 10 and Table 3 ), the advantage of better conductive membrane in fouling suppression was shown well kept, during the tests. This observation justifies the explanation proposed in Fig. 1(B) .
PPy has cathodic catalytic oxygen reduction reactivity (ORR), doped by AQS (anthraquinone monosulfate), this ORR property may be increased significantly [22] , thus, the fouling reduction/ suppression mechanism of PPy modified membrane cathodes in EMBR can be extended, the results are also expected to increase under applied electric field. This is being studied in our lab, and the results will be reported elsewhere.
Also we have supplied the SEM of the membranes (Fig. 11 ) after being used in E-MBR. Comparison of the images showed the stable membrane coating for both the Gr/PPy and PPy membranes, and confirmed the better fouling reduction property for Gr/PPy membrane than PPy membrane. Table 3 The slopes and linear correlation coefficients of the curves correspond to Fig. 10 (R 2 means linear correlation coefficient).
Filtration cycle
PPy-M PPy-M, E¼ 
Conclusion
The following conclusion can be drawn from this study: The Gr/PPy modified membrane prepared by VPM had better conductivity than that prepared by LPM. Both GO and Gr doping of PPy during modification improved the conductivity of the modified membranes. The Gr/PPy modified membrane had better property than the GO/PPy modified membrane when the Gr or GO doping concentration was at the same level, or with much lower concentration of Gr than GO. For the Gr/PPy membrane, its electric resistance was 1/3 of the PPy modified membrane.
With 1 V/cm electric field applied, Gr/PPy modified membrane can suppress the fouling more effectively than PPy modified membrane, and the cumulative permeate increase after 1.5 h filtration was 20% while that for PPy modified membrane was only 10%.
